Introduction
The invasion and emergence of arthropod-borne viruses, or arboviruses, have caused an increase in human disease worldwide (Weaver and Reisen, 2010) . Many of these important viruses, such as dengue virus (DENV), West Nile virus (WNV), and Japanese encephalitis virus (JEV), belong to the genus Flavivirus (family Flaviviridae). The genus includes viruses that are transmitted between vertebrate hosts by mosquitoes and ticks and that infect vertebrates with no known vector. The mosquito-borne group can be further divided into viruses transmitted by Aedes or Culex mosquitoes . Throughout the last decade, vector surveillance groups from around the world have characterized multiple viruses from mosquitoes that do not appear to infect vertebrate cells. These unclassified viruses formed a tentative new flavivirus group termed arthropod-specific (also termed insectspecific, insect-only, or mosquito-only) because they only replicate in insect cells (Simmonds et al., 2012) . The first arthropod-specific flavivirus characterized was the cell fusing agent virus (CFAV) isolated from an Aedes aegypti cell line (Stollar and Thomas, 1975) and subsequently isolated from field-collected mosquitoes in Puerto Rico . Arthropod-specific flaviviruses genetically related to CFAV, such as Kamiti River virus Sang et al., 2003) , Culex flavivirus (Hoshino et al., 2007) , Quang Binh virus (Crabtree et al., 2009) , Aedes flavivirus (Hoshino et al., 2009) , Nakiwogo virus (Cook et al., 2009) , and Calbertado virus Tyler et al., 2011) form a complex that is phylogenetically distinct from other mosquito-borne flaviviruses.
Recently, flaviviruses that phylogenetically cluster with the medically important mosquito-borne viruses but without a known vertebrate host have been reported. In 2004, a novel flavivirus termed nounané virus (NOUV) was isolated from Uranotaenia mashonaensis mosquitoes collected in Côte d'Ivoire (Junglen et al., 2009) . The isolate was able to infect an Ae. albopictus C6/36 cell line but was not found to replicate in any of the tested vertebrate cell lines. Phylogenetic analysis of the full-length NOUV genome showed that it forms its own subgroup within the mosquitoborne flaviviruses. Also in 2004, a similar virus named Lammi virus (LAMV) was isolated from Aedes mosquitoes in Finland and was found to replicate only in mosquito cells (Huhtamo et al., 2009) . Despite the fact that they were only 55% homologous in nucleotide sequences, NOUV and LAMV were phylogenetically positioned closely within the Aedes-transmitted group. Numerous isolates of Marisma virus (MMV), another flavivirus potentially specific only to insects, were isolated from Ae. (Ochlerotatus) caspius mosquitoes in Spain from (Vázquez et al., 2012 . A partial MMV nonstructural protein 5 (NS5) sequence was shown to cluster closely with LAMV and Chaoyang virus (CHAOV). The first isolated strain of CHAOV, Deming, was from mosquitoes collected in Liaoning province, China in 2008 (Wang et al., 2009; Liu et al., 2011; GenBank Accession FJ883471) . Other strains of CHAOV, BeiBei (GenBank Accession JQ308185) and HLD115 (GenBank Accession NC_017086), were also isolated in China in 2008 and 2010, respectively (unpublished data) . CHAOV Deming strain was reported to contain a single open reading frame that encoded three structural proteins and seven nonstructural proteins, with the greatest nucleotide sequence homology between the NS5 gene and that from Sepik virus (yellow fever group). The Deming strain was also reported to replicate in C6/36 cells and to induce a cytopathic effect (CPE) leading to cell deformation, aggregation, and death in C6/36 cells, but it is not known whether it is able to infect and to replicate in vertebrate cells.
A US Military Force Health Protection program has been established in the Republic of Korea (ROK) to survey mosquito populations for pathogens such as DENV and malaria causing parasites. In June of 2003 during routine surveillance, flavivirus RNA was detected from a pool of Ae. vexans nipponii mosquitoes which was later found to be related to the CHAOV strains isolated from China. Here we describe the isolation and genomic characterization of CHAOV strain ROK144 and discuss the implications of our findings.
Results

Isolation of CHAOV in the ROK
A below-normal abundance of mosquitoes observed in the ROK during June 2003 resulted in the collection of only 3,149 mosquitoes, representing three genera and nine species (Table 1) . Processing and testing of all the mosquitoes by alphavirus and flavivirus RT-PCR identified flavivirus RNA from one pool (pool no. 144) of Ae. vexans nipponii collected from Camp Greaves. The clarified supernatant from the mosquito pool was inoculated into cultured C6/36, BHK, primary duck, primary chicken, and Vero cells and observed for cytopathic effects (CPE). No CPE were observed in any of the cell lines, contradictory to what was reported by Liu et al., where they reported that CHAOV Deming strain induced CPE in C6/36 cells (Liu et al., 2011) . Flavivirus RNA was detected in the C6/36 cell culture supernatant after the second blind pass, indicating virus replication and release from the infected cells, whereas flavivirus RNA was not detected in any of the vertebrate cell line supernatants after two blind passes. Subsequently, the virus has been passed multiple times in C6/36 cells to show that the virus can be passed and that it is stable (data not shown).
Genetic characterization of CHAOV strain ROK144
The complete coding sequence was determined for the flavivirus isolate ROK144 using RNA extracted from the C6/36 cell culture supernatant. The resulting sequence contained 10,308 base pairs (bp) and a single open reading frame (ORF) encoding for 3,435 amino acids (aa). Twelve polyprotein cleavage sites were identified and the protein sizes and positions were determined ( Table 2 ). The ROK144 sequence was found to be 98.9% and 98.0% homologous to the Deming (GenBank ID: FJ883471) and HLD115 (GenBank ID: JQ308158) strains, respectively, of CHAOV isolated in China. This new CHAOV isolate, ROK144 (GenBank ID: JQ068102), was shown to contain 111 nucleotide changes as compared to the Deming strain that resulted in only five amino acid changes: A357V (E gene), V884A (NS1), I1322L (NS2A), R3054M (NS5), and D3099N (NS5). There were 109 nucleotide differences between HLD115 (excluding the 5 0 non-coding region) and ROK144 that resulted in six amino acid changes: R272K (prM), V1202L (NS2A), I1322L (NS2A), N2295T (NS4B), V2695F (NS5), and D3099N (NS5). Besides CHAOV, the next highest homology was 74.6% with LAMV (GenBank ID: FJ606789) and 63.2% with Donggang virus (DGV, GenBank ID: JQ086551). The ROK144 strain was found to be only 53.4% homologous to NOUV (GenBank ID: FJ711167). The most distal flaviviruses compared to ROK144 are the arthropod-specific viruses, ranging from 37.4% to 38.3% similarity. Fig. 1A shows the phylogenetic relationship between the complete coding sequence of CHAOV strain ROK144 and other flaviviruses. The CHAOV strains align phylogenetically near LAMV, DGV, and NOUV forming a cluster between the yellow fever virus (YFV) and DENV groups. Sequence analysis of approximately 1000 bp of the NS5 gene was also performed to compare CHAOV to other flaviviruses, including the partial sequence of MMV (GenBank ID: JN603190). Comparing just the partial NS5 sequences, CHAOV strain ROK144 is 98.4% and 97.8% homologous to the CHAOV strains Deming and HLD115, respectively. Strain ROK144 was also 77.3%, 70.2%, and 67.9% similar to the NS5 sequences of LAMV, MMV, and DGV, respectively. Phylogenetic analysis of the NS5 sequences show that CHAOV, LAMV, MMV, and DGV cluster within the Aedes-transmitted subgroup (Fig. 1B) . The NS5 sequence for NOUV is 61.5% homologous to ROK144. It should be noted that NOUV, as shown in Fig. 1B , often aligns more closely with the DENV and Culex-borne groups than with the CHAOV and YFV groups, depending on the sequences used for comparison. 
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Discussion
CHAOV invertebrate hosts and geographic distribution
Here we report the first detection of CHAOV in the Republic of Korea and show that it is genetically related to the CHAOV strains (Deming and HLD115) isolated in China (Wang et al., 2009 ). The CHAOV strain ROK144 was isolated from a pool of Ae. vexans nipponii mosquitoes, an anthropophilic species common to the ROK (Kim et al., 2004) . Subsequently, vector surveillance activities conducted from 2008 to 2011 in the ROK have detected and/or isolated an additional 32 strains of CHAOV (unpublished data). The majority of the CHAOV strains were detected in pools of Aedes mosquitoes with 26 from Ae. vexans nipponii and one each from Ae. albopictus and Ae. bekkui mosquitoes. Additionally, three pools of Culex pipiens and one pool of Armigeres subalbatus tested positive for CHAOV. This suggests that Ae. vexans nipponii could be the primary invertebrate host for CHAOV but the virus may not be limited to Aedes mosquitoes. The mosquito species were not reported for the Deming and HLD115 strains of CHAOV collected in China; however the geographical distribution of Ae. vexans extends throughout Asia.
Phylogenetic alignment with medically relevant flaviviruses
Like other recently discovered novel flaviviruses such as NOUV (Junglen et al., 2009) , LAMV (Huhtamo et al., 2009) , and MMV (Vá zquez et al., 2012), CHAOV seem only, or at least primarily, to infect mosquito cells. These infection/replication restrictive properties seem to be shared with other viruses of the arthropodspecific group and have been found to correlate with the viruses' host range (Kuno, 2007) . However, they all phylogenetically aligned more closely with the medically relevant mosquitoborne group than they do with the major group of arthropodspecific flaviviruses. Specifically, CHAOV, LAMV, and DGV, isolated in 2009 from Aedes species mosquitoes from the Liaoning province in China (unpublished data), form a cluster separating the YFV group from the rest of the Aedes-transmitted viruses. Since primary isolations of viruses in cell culture can be difficult and CHAOV is phylogenetically related to other mosquito-borne viruses, additional experiments are merited to determine if CHAOV could infect a vertebrate host. Furthermore, serological studies involving local vertebrates and clinical patients are needed to determine the pathological potential of CHAOV for humans and animals.
Public health impact of arthropod-specific flaviviruses and vector surveillance
Even if CHAOV truly is arthropod-specific, its potential effect on public health should not be overlooked. The role of arthropodspecific flaviviruses in the fitness of the mosquito and its ability to vector other viruses has yet to be determined. Vector competence studies involving Culex mosquitoes co-infected with CxFV and WNV suggest that there may be a competitive interaction between the viruses early in the WNV infection that may have an effect on WNV transmission (Bolling et al., 2012; Kent et al., 2010) . Newman et al. discovered a natural positive correlation between WNV and CxFV infection rates, with mosquito pools being more likely to be positive for CxFV if they were also positive for WNV (Newman et al., 2011) . While several questions need to be answered first, like whether CHAOV can infect the vectors of DENV, it may be important to conduct similar studies with CHAOV and DENV co-infection .
More viruses similar to CHAOV are bound to be discovered, since there exists a growing trend for increased vector surveillance and improved diagnostic testing. Eventhough the role of CHAOV in animal and human health has yet to be understood, knowing of their existence is important for surveillance programs. Often times a generic flavivirus assay is used to screen numerous pools of mosquitoes, but they may indiscriminately detect both medically relevant and non-relevant viruses. Having a better understanding of the viruses maintained in certain regions along with additional diagnostics to differentiate between them can help alleviate issues of false reporting.
Materials and methods
Vector surveillance and mosquito processing
Adult mosquitoes were collected during June 2003 using Mosquito Magnets s (Woodstream Corp., Lititz, PA) located near barracks at Camp Greaves (US military installation, now closed) and ill-kempt tents at Warrior Base (US military training site) where soldiers were housed. Both were located approximately 2 km from the demilitarized zone separating North and South Korea. Female mosquitoes were pooled according to species, date, and location, and then assayed for the presence of flavivirus and alphavirus RNA using reverse transcription (RT)-PCR as described by O'Guinn et al. (2004) , except that MA/ cFD2 flavivirus primers (Kuno, 1998) or VEE 0091/0092 alphavirus primers were used. Briefly, Mosquito pools were triturated in a 1.5-mL microcentrifuge tube containing one 4.5-mm spherical copper bead and 0.75 ml of Eagle's minimal essential media supplemented with 10% heat-inactivated fetal bovine serum, 100 units of penicillin and 100 mg of streptomycin per ml, and 0.075% NaHCO 3 (EMEM complete) by vortexing the tube for 1-2 min. The mosquito homogenate was clarified by centrifugation in a microcentrifuge at 4 1C and 12,000 rpm for 5 min. RNA was extracted from the clarified supernatant using a QIAamp viral RNA mini-kit (Qiagen, Valencia, CA) according to manufacturer's instructions.
Isolation of CHAOV
Clarified supernatant from the single mosquito pool that tested positive for flavivirus RNA by RT-PCR (no pools tested positive for alphavirus RNA) was subjected to standard plaque assay using Vero cells (African green monkey kidney) and to co-culturing with C6/36, BHK (baby hamster kidney), primary duck, primary chicken, or Vero cells as outlined by Kondig et al. (2007) . C6/36 cells were cultured in Hank's minimal essential media supplemented as described above, and BHK, primary duck, primary chicken, and Vero cells were cultured in EMEM complete. Plaque assays were stained with phenol red on days 2 or 5 and evaluated for plaque formation. After two blind passages, the co-cultured cells were observed for cytopathic effects and cellfree cell culture supernatants were assayed for the presence of viral RNA by using RT-PCR with MA/ cFD2 flavivirus primers.
Sequencing and phylogenetic analysis
Twelve pairs of overlapping primers for the RT-PCR amplification and genome sequencing of the ROK144 isolate were designed by using the genomic sequence of CHAOV strain Deming (GenBank ID: FJ883471). The primer sequences are available upon request. Sequencing was accomplished as described by O'Guinn et al., except that an ABI 3100 genetic analyzer and Big Dye TM 3.1 were used (PE Biosystems, Inc., Foster City, CA) . The nucleotide BLAST program was used to compare the ROK144 sequence with other GenBank sequences (http://www. ncbi.nlm.nih.gov). Phylogenetic analysis was conducted according to Kondig et al. (Kondig et al., 2007) using the Clustal W program (version 9.1.0) to calculate bootstrap values with a default setting of 1,000 trials (iterations) and a seed value of 111. The polyprotein signalase cleavage sites were predicted by using SignalP 4.0 (http://www.cbs.dtu.dk/services/SignalP/) and by comparing the amino acid sequences to the cleavage sites for LAMV (GenBank ID: FJ606789).
